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Streptococcus mutans and Candida albicans	are	often	isolated	from	plaques	associated	
with	early	childhood	caries.	However,	there	are	limited	studies	examining	how	these	
microorganisms interact with one another and how best to manage them. Recent 
studies	have	shown	that	curcumin	(CUR),	a	natural	compound,	has	the	potential	to	in‐
dependently control both of these microorganisms. The purpose of this study was to 
investigate how S. mutans and C. albicans	respond	in	mono‐	and	dual‐species	biofilms	
challenged	with	CUR.	Quantitative	biofilm	biomass	and	viability	were	first	evaluated	





biofilm eradication concentration (MBEC50)	of	CUR	against	S. mutans and C. albicans 
was	0.5	mM.	The	biomass	and	viability	decreased	after	treatment	with	CUR	both	in	
dual‐species	biofilms	and	in	mono‐species	biofilm.	CUR	inhibited	S. mutans and C. al‐




of	glucosyltransferase	and	quorum	sensing‐related	gene	expression	of	S. mutans. In 
C. albicans,	the	agglutinin‐like	sequence	family	of	C. albicans was also downregulated 
in	dual‐species	biofilms.	Collectively,	these	data	show	the	potential	benefit	of	using	
a	natural	antimicrobial,	CUR,	to	control	caries‐related	dual‐species	plaque	biofilms.
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1  | INTRODUC TION
Polymicrobial infection occurs during the process of dental caries 
development. Streptococcus mutans interacts with Candida albicans 
to	form	cross‐kingdom	biofilms	associated	with	early	childhood	car‐
ies	 (ECC)	 (Hajishengallis,	Parsaei,	Klein,	&	Koo,	2017).	The	amount	
of C. albicans is dramatically higher in children with ECC than in 




alone	(Falsetta	et	al.,	2014;	Hwang	et	al.,	2017).	S. mutans–C. albicans 
associations enhance S. mutans	infection,	modulate	the	structure	of	
biofilms,	and	thus	influence	the	onset	and	severity	of	dental	caries	
(Falsetta	et	al.,	2014).
Eradicating these bacterial–fungal biofilms in vitro is challenging 
(Heitman,	Metwalli,	Khan,	Krom,	&	Jabra‐Rizk,	2013).	Most	of	 the	
clinically	 used	 therapeutic	 approaches	 are	 monotherapies,	 based	
on either antibacterial or antifungal agents despite the polymicro‐
bial	nature	of	disease‐causing	biofilms	 (Xiao	et	al.,	2018).	Fluoride	
is	widely	used	in	the	prevention	of	dental	caries.	However,	fluoride	
does not offer protection against the infectious aspects and instead 





new therapeutic methods for disrupting bacterial–fungal inter‐
kingdom biofilms could help improve anticaries strategies and oral 
health. Naturally derived chemotherapeutic agents are an attractive 
option. They have advantages over synthetic derivatives due to their 





CUR	exerts	promising	anticaries	effects	on	S. mutans by altering the 
EPS	synthesis	mechanism	(Li,	Li,	Lin,	&	Zhou,	2018).
Since	dual‐species	biofilms	of	S. mutans and C. albicans have the 
advantage of better simulating the pathogenic biofilms in ECC rela‐
tive	to	mono‐species	biofilms,	exploration	of	the	effect	of	CUR	on	
dual‐species	biofilms	should	be	prioritized.	In	this	study,	we	establish	
an in vitro biofilm model by using S. mutans and C. albicans,	and	in‐
vestigate	the	reaction	of	dual‐species	biofilms	to	CUR.
2  | MATERIAL S AND METHODS
2.1 | Growth conditions and MBEC assay to 
determine the effects of CUR on S. mutans and 
C. albicans
Streptococcus mutans	UA159	(ATCC	700610)	and	C. albicans	SC5314	
(ATCC	MYA‐2876)	were	selected	for	this	study.	Candida albicans was 
grown	in	Sabouraud's	dextrose	broth	(SDB,	HKM)	at	37°C	with	shak‐
ing at 200 rpm for 18 hr. Streptococcus mutans was cultured in brain 
heart	 infusion	 broth	 (BHI,	Difco)	 for	 18	hr	 at	 37°C.	CUR	was	 dis‐
solved	in	dimethyl	sulfoxide	(DMSO)	for	liquid	storage.





ml	 using	 a	 microplate	 spectrophotometer	 (Infinite	 200,	 TECAN).	
Biofilms	were	grown	in	96‐well	flat‐bottom	plates.	The	minimum	bio‐
film	eradication	concentration	(MBEC)	for	S. mutans and C. albicans 
biofilms was determined by the colony counting method. The bio‐






that formed on the plates. The biofilms were scraped and then resus‐
pended	in	PBS,	and	the	CFU	counts	were	used	to	confirm	the	MBEC	
of the microorganisms.
2.2 | The effects of CUR on mono‐ or dual‐species 
biofilms in vitro
The biofilms were grown as described in previous studies with some 
modification	 (Willems,	 Kos,	 Jabra‐Rizk,	 Krom,	&	 Bjarnsholt,	 2016;	
Zhou	et	al.,	2018).	The	cells	were	cultured	as	previously	described	
and	standardized	by	artificial	saliva	solution	(ASS,	NOVON)	supple‐
mented	with	1%	sucrose	and	10%	fetal	bovine	serum	to	OD600 = 0.1. 
Three	 test	groups	with	CUR	 (S. mutans	biofilm,	C. albicans	biofilm,	
and S. mutans‐C. albicans	biofilm)	and	corresponding	control	groups	
without	CUR	were	established.
The	 biofilms	 formed	 on	 6‐well	 flat‐bottom	 microtiter	 plates	
(Coster	Corning).	For	the	dual‐species	biofilms,	1.5	ml	of	S. mutans 
and	1.5	ml	of	C. albicans were added to the microtiter plate. To form 










the	 biofilms	 that	 formed	 on	 the	 plates	 were	 fixed	with	methanol	
after	being	gently	washed	 three	 times	with	 sterile	PBS.	Then,	 the	
samples	were	washed	again	and	stained	with	CV	solution	for	15	min.	
The	 supernatants	were	 thoroughly	discarded,	 and	 the	microplates	
were	 allowed	 to	 air‐dry	 overnight.	 Finally,	 200	 μl	 of	 95%	 ethanol	
was used to dissolve the CV in the microplates for 20 min. For each 




37°C	 for	3	hr	 in	 the	dark	 (Li	 et	 al.,	 2018).	 Then,	 the	 supernatants	
were displaced by 100 μl	of	100%	DMSO	for	10	min	while	protected	
from	light.	For	each	sample,	75	μl	of	the	solution	was	analyzed	on	
a	spectrophotometer	and	the	absorbance	at	570	nm	was	recorded	
using a microplate reader.
2.3 | Analysis of the composition of bacteria in 










added groups were included for each sample to determine total cells.
The biofilms were collected with a cell scraper and added to 2 ml 
microcentrifuge	tubes	with	1	ml	of	PBS.	After	resuspension,	5	μl ali‐
quots	of	10	μM	PMA	were	added	to	the	samples.	Next,	the	samples	





ganisms in each of the biofilms. Details were described in a previous 
study	(Zhou	et	al.,	2018).	The	primer	sequences	used	were	from	pre‐
vious studies in Table 1.
2.4 | The effect of CUR on the EPS of biofilms 
by CLSM
Confocal	 laser	 scanning	 microscopy	 was	 used	 to	 examine	 the	
amount	of	EPS	 in	biofilms.	The	EPS	matrix	was	 labeled	with	Alexa	
Fluor®	647‐labeled	dextran	conjugate,	a	kind	of	red	fluorescent	dye	
(Invitrogen	 Corp),	 at	 the	 beginning	 of	 biofilm	 formation	 and	 was	







2.5 | Observation of the morphology of the 
microorganisms in biofilms
Scanning	 electron	 microscopy	 (SEM)	 was	 applied	 to	 observe	 the	






samples	 were	 observed	 at	 2,000×	 and	 10,000×	 magnification	 by	
SEM.
2.6 | Detection of gene expression in the biofilms
The	 biofilms	 were	 collected	 by	 centrifugation	 (13,201	 g,	 5	 min,	
4°C).	Next,	 the	total	RNA	was	extracted	by	an	miRNeasy	Mini	Kit	
(QIAGEN)	 and	 analyzed	 by	 a	 Nanodrop	 2000	 spectrophotometer	




Streptococcus mutans GATACATAGCCGACCTGAG CCATTGCCGAAGATTCC	(Sherry	et	al.,	2016)a
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to confirm the density and purity. Reverse transcription of the total 
RNA	was	performed.	A	cDNA	library	was	constructed,	and	PCR	was	
performed	with	 reference	 to	 previous	 studies	 (Zhou	 et	 al.,	 2018).	
Table	1	shows	the	primer	sequences	(Alalwan	et	al.,	2017;	Barker	et	
al.,	2004;	Li	et	al.,	2018;	Sherry	et	al.,	2016).	The	results	were	calcu‐
lated by the 2−ΔΔCt method.
2.7 | Statistical analysis
All	 experiments	 were	 independently	 performed	 in	 triplicate.	
GraphPad	 Prism	 version	 7.0	 (GraphPad	 Software)	 and	 SPSS	 17.0	
were	employed	to	analyze	the	data.	An	unpaired	t test was applied 
to	analyze	the	data.	A	p	value	<	.05	was	set	as	the	significance	level.
3  | RESULTS
3.1 | Inhibition of biofilm formation by CUR
The	MBEC	was	shown	to	be	0.5	mM	CUR	for	S. mutans as well as 
C. albicans	by	assay.	According	to	the	CV	and	MTT	assays,	the	bio‐
mass	and	viability	of	biofilms	were	greater	in	dual‐species	biofilms	
despite	 the	addition	of	CUR	 (Figure	1).	After	24	hr	of	 incubation	
with	 CUR,	 the	 biomasses	 of	 both	 mono‐	 and	 dual‐species	 bio‐
films were significantly reduced compared with that of the control 
groups,	specifically	by	23%	for	S. mutans,	36%	for	C. albicans,	and	
24%	for	dual‐species	biofilms	(p	<	 .05,	Figure	1a).	The	viability	of	
the biofilms decreased significantly in all treated groups (p	<	 .05,	
Figure	 1b).	 The	 viability	 of	 the	 S. mutans biofilms decreased by 
54%,	while	 those	of	 the	C. albicans	 and	dual‐species	biofilms	de‐
creased	by	29%	and	30%,	respectively,	relative	to	the	control	group	
(Figure	1b).
3.2 | Inhibition of live/dead cells in biofilms by CUR
Curcumin	decreased	total/live	cells	in	both	mono‐species	and	dual‐
species	biofilms	(Figure	A1),	but	the	percent	reductions	with	CUR	in	
S. mutans and C. albicans biofilms were different.
For the total S. mutans	cells,	CUR	inhibited	79%	of	S. mutans in 
dual‐species	biofilms	while	inhibiting	47%	in	mono‐species	biofilms	
(p	<	.001).	A	similar	trend	was	observed	for	live	S. mutans	cells:	CUR	




trend was observed for live C. albicans	cells,	with	52%	reduction	of	
C. albicans	in	dual‐speices	biofilms	and	86%	inhibition	in	mono‐spe‐
cies biofilm (p	<	.001)	(Figure	2b).
3.3 | CUR‐induced EPS reduction of mono‐ and 






which	showed	a	 reduction	 in	EPS	 in	both	mono‐	and	dual‐species	
biofilms.	The	dual‐species	group	was	reduced	by	24%	relative	to	the	
control group. Streptococcus mutans	biofilms	had	a	22%	reduction	in	
EPS,	and	C. albicans	biofilms	had	an	80%	reduction	in	EPS.	Likewise,	
the thickness of the biofilms in the treated groups was overtly at‐
tenuated	compared	with	that	in	the	control	groups	(Figure	3c).








film seemed more disordered in the treated group than in the con‐
trol	group.	Notably,	the	arrangement	of	hypha	was	altered,	and	less	
F I G U R E  1  Effect	of	0.5	mM	CUR	on	mono‐	and	dual‐species	biofilms.	Different	types	of	mature	biofilms	were	incubated	with	CUR	for	
24	hr.	The	biofilm	biomass	was	evaluated	by	CV	assay	(a),	while	the	viability	of	biofilms	was	evaluated	by	MTT	assay	(b).	The	asterisks	(*)	
indicate	significant	differences	(*p	<	.05;	**p	<	.01).	CUR	decreased	the	biomass	and	viability	of	all	treated	groups
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matrix	was	observed	 in	 the	 treated	group	of	dual‐species	biofilms	
(Figure	4c).
3.5 | Gene expression changes in biofilms




For S. mutans,	 the	 relative	 expression	 levels	 of	 the	 virulence	
genes gtfB,	gtfC, and gbpB	in	the	mono‐species	biofilms	were	44%,	
29%,	 and	31%,	 respectively,	 compared	with	 the	 levels	 in	 the	 con‐
trol	groups,	while	 in	the	dual‐species	biofilm	they	were	39%,	26%,	
and	27%,	respectively	(Figure	5a).	The	genes	of	the	two‐component	
signal	transduction	system,	 including	comC,	comD, and comE, were 









Early childhood caries has been treated using different modalities 













in the metabolic activity of C. albicans	biofilms	(Alalwan	et	al.,	2017).	
This finding is consistent with the present study. To determine the 
biological	basis	of	the	effect	of	CUR	on	dual‐species	biofilms,	live–
dead PCR was conducted to assay the composition of cells in the 




between S. mutans and C. albicans	enhanced	the	effect	of	CUR	on	







biofilms shown here is interesting.
Exopolysaccharides	 increases	 in	 dual‐species	 biofilms	 and	 en‐
hances	 the	 cariogenic	 potential	 of	 biofilms	 (Mitchell	 et	 al.,	 2017).	
CUR	 influences	 the	amount	of	EPS	 in	all	biofilms,	which	was	con‐
firmed	here	by	CLSM.	A	previous	study	indicated	that	the	presence	
of C. albicans	 augmented	 the	production	of	EPS,	 and	dual‐species	
biofilms accrued more biomass and harbored more viable S. mutans 
cells	than	mono‐species	biofilms	(Falsetta	et	al.,	2014).	Similarly,	the	






tion not only from S. mutans but also from C. albicans biofilms. It is 
F I G U R E  2  Effect	of	CUR	on	live/dead	microorganisms	in	different	types	of	biofilms.	Dual‐species	biofilm	models	were	grown	for	48	hr,	
and	spent	supernatants	were	replaced	with	fresh	ASS	every	24	hr.	After	mature	biofilms	formed,	the	biofilms	were	treated	with	0.5	mM	CUR	
for	24	hr.	The	net	reduction	(net	reduction	equals	the	treated	group	minus	the	control	group)	of	Streptococcus mutans	(a)	and	Candida albicans 
(b)	in	mono‐	and	dual‐species	biofilms	was	evaluated	by	species‐specific	qPCR.	The	asterisks	(*)	indicate	significant	differences	(*p	<	.05;	
**p	<	.01)
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likely	that	CUR	affects	EPS	production,	either	by	fungi	or	bacteria,	to	
disrupt	dual‐species	biofilms.
Streptococcus mutans	 extracellular	 glucosyltransferases	 (Gtfs),	
particularly	GtfB	 and	GtfC,	 synthesize	 predominantly	water‐insol‐
uble	glucans,	which	contribute	to	the	structural	scaffold	of	biofilms	
(Bowen	 &	 Koo,	 2011).	 A	 previous	 study	 showed	 that	 deletion	 of	
gtfB and gtfC	 significantly	 disrupted	biofilm	 formation,	which	 cor‐
responded	with	 the	results	 in	 this	study	 (Ooshima	et	al.,	2001).	 In	
our	study,	gtfB and gtfC	were	inhibited	by	CUR	relative	to	the	con‐
trol	 group,	 and	 a	 reduction	 in	 EPS	 and	 structural	 looseness	were	
observed	 in	biofilms	 treated	with	CUR.	Quorum	sensing	 (QS)	 sys‐
tems have a key role in coordinating biofilm formation and activating 
virulence factors in many bacteria and are considered an enticing 
target	 for	 fighting	biofilm	 infection	 (Suntharalingam	&	Cvitkovitch,	
2005;	Worthington,	Richards,	&	Melander,	2012).	Among	these,	the	
competence‐stimulating	 peptide‐QS	 (CSP‐QS)	 system	 is	 the	most	
common	 intraspecific	 example,	 including	 a	 competence‐stimulat‐




ulation of immB in a comC mutant was largely inhibited compared 
with	that	in	the	wild‐type	strain,	implying	that	the	function	of	the	QS	
system is one of the mechanisms regulating S. mutans antimicrobial 
sensitivity	(Wang,	Liu,	Huo,	&	Ling,	2013).	In	the	present	study,	the	
expression	of	comC,	comD, and comE	was	suppressed	by	CUR	in	all	
biofilms.	The	 results	 indicated	 that	CUR	 inhibition	occurs	 through	
the	QS	system.
F I G U R E  3  Effect	of	CUR	on	the	EPS	of	mono‐	and	dual‐species	biofilms	by	CLSM.	After	incubation	and	staining,	images	of	the	biofilms	
were	collected.	The	green	channel	was	used	for	microorganism	(a).	The	red	channel	was	used	for	EPS	(a).	The	EPS	and	thickness	of	the	
biofilms	were	quantified	and	compared	(b,	c).	The	asterisks	(*)	indicate	significant	differences	(*p	<	.05;	**p	<	.01;	***p	<	.001)
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The	agglutinin‐like	sequence	(Als)	family	plays	an	important	role	
in	adhesion	and	aggregation	with	other	substances,	and	 it	 is	a	key	
element for C. albicans	 in	biofilm	 formation	 (Hoyer	&	Cota,	2016). 
The	gene	expression	of	als1 and als3	decreased	sharply	after	CUR	
treatment.	This	may	have	affected	the	function	of	the	Als	family	and	





F I G U R E  4  Morphological	characteristics	of	mono‐	and	dual‐species	biofilms	under	CUR	treatment.	Representative	SEM	images	of	
Streptococcus mutans	(a),	Candida albicans	(b),	and	dual‐species	biofilms	(c).	Each	field	of	vision	was	magnified	2,000×	and	10,000×.	The	black	
arrows	indicate	the	magnified	viewing	area.	The	yellow	arrows	indicate	the	yeast.	The	white	arrows	indicate	the	EPS	in	the	biofilms
F I G U R E  5  Change	in	gene	expression	in	biofilms	under	the	effects	of	CUR.	The	mRNA	levels	of	genes	in	different	virulence	systems	of	
Streptococcus mutans and Candida albicans	are	shown	in	Figure	5.	Different	levels	of	gene	expression	were	standardized	to	16	sRNA	levels.	(a)	
Relative	RNA	expression	of	gtfs in S. mutans,	(b)	relative	RNA	expression	of	two‐component	signal	transduction	system	in	S. mutans,	and	(c)	
relative	RNA	expression	of	als in C. albicans.	The	asterisks	(*)	indicated	significant	differences	(*p	<	.05;	**p	<	.01;	***p	<	.001)
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5  | CONCLUSIONS
Curcumin induces effects on S. mutans and C. albicans,	 such	 as	
their	EPS	formation,	through	different	biological	systems.	Candida 
albicans	 is	 less	 sensitive	 to	 CUR	 in	 fungi–bacteria	 interkingdom	
biofilms.
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APPENDIX 
F I G U R E  A 1  Effect	of	CUR	on	total/live	microorganisms	in	different	biofilms.	Dual‐species	biofilm	models	were	grown	for	48	h,	and	
spent	supernatants	were	replaced	with	fresh	AS	every	24	h.	After	mature	biofilm	formed,	the	biofilms	were	treated	with	0.5	mM	CUR	for	
24	h.	Biofilms	were	assessed	for	total	and	viable	composition	of	C. albicans and S. mutans	using	viability	qRT‐PCR 
[Correction	added	on	21	October	2019	after	first	online	publication:	Figure	S1	from	Supporting	Information	has	been	moved	to	Appendix	
section	as	Figure	A1]
